The effects of aluminum (Al) on sodium (Na) regulation by the freshwater crustacean Daphnia magna were determined. 22Na influx and outflux experiments were conducted in soft water adjusted to pH 4.5, 5.0, and 6.5 (reference pH) with either ambient (0.02 mg/liter) or high (1.02 mg/liter) concentrations of total Al. The results indicate that Al toxicity was pH dependent. Aluminum increased the rate of morbidity of D. magna at pH 6.5, had no additional effect to those of hydrogen ions (HI) at pH 5.0, and reduced the rate of morbidity at pH 4.5. Both H+ and total Al concentrations interfered with Na regulation, although it was possible to distinguish between their respective effects by using 'Na. At pH 6.5, Al decreased 22Na influx (by 46%) and increased 22Na outflux (by 25%), which led to a net loss of Na. At pH 5.0, Al reduced 22Na influx (by 58%) but had no additional effect to that of HI on 22Na outflux. At pH 4.5, 'Na influx was significantly inhibited (by 73%) compared with the reference pH 6.5 treatment even in the absence of Al. Aluminum decreased 2Na outflux (by 31%) at pH 4.5, which reduced the net loss of Na and temporarily prolonged survival of the daphnids. These results indicate that Al affects both 22Na influx and outflux in D. magna. The lower rate of Na uptake may involve a denaturation of the enzyme responsible for the active uptake of Na. At pH 6.5, the increased outflux of 22Na may be due to either increased membrane permeability or increased renal losses (or both). At pH 4.5, the reduced outflux of 'Na resembles the amelioration that occurs in the presence of elevated Ca concentrations.
quently unable to regulate osmotically important ions, such as sodium (Na) and chloride (Cl) (1, 2) . This net loss of Na or Cl (or both) has been observed in the field for brown trout (Salmo trutta) (3) ; it has been demonstrated in laboratory experiments using crayfish (4), insect larvae (5, 6) , planktonic crustaceans (6) (7) (8) , as well as a variety of fish species including medaka (Oryzias latipes), brook trout (Salvelinus fontinalis), brown trout, and rainbow trout (Salmo gairdnen) (9) (10) (11) (12) .
Acidified lakes, however, are often chemically more complex than dilute acid solutions. Metals, such as aluminum (Al), manganese (Mn), zinc (Zn) , and iron (Fe) can be leached from the surrounding soils and sediments and can accumulate in the water column especially below pH 5 (13, 14) . Of these metals only Al has been identified to be toxic to aquatic animals at concentrations that occur in acid-sensitive lakes (15, 16) . Concentrations of Al in circumneutral, oligotrophic lakes seldom exceed 0.05 mg/liter. In acidic, but otherwise similar, lakes, concentrations in excess of 0.2 mg/liter and peak seasonal values approaching 1.0 mg/liter are becoming increasingly common (17) .
There is good evidence suggesting that Al toxicity varies with pH (18) , and, like hydrogen ions (He), Al can affect salt regulation in aquatic animals (19) . In a recent study (30) the effect of Al on the chemical composition of Daphnia magna was examined. The results showed that both Na and Cl were lost at low pH (c pH 5.0) and at elevated concentrations of total Al (-0.32 mg/liter). This net loss of Na and Cl was associated with increased mortality. Similar results have been reported for brown trout (19) and rainbow trout (20) and, to a lesser extent, for crayfish (21) . Though these studies have examined the effects of Al on either plasma, haemolymph, or total body burdens of Na (and/or Cl), they have not attempted to identify the underlying mechanism(s) responsible for the net loss of these essential salts.
The purpose of the present study was to determine the effect of total Al at different pH values on 22Na influx and outflux by using the freshwater crustacean D. magna (Straus).
MATERIALS AND METHODS
Daphnia Cultures and Water Preparation. D. magna, obtained from the Department of Natural Resources, Cornell University, were cultured and tested in water collected in June 1982, from Mirror Lake, New Hampshire. The biology, chemistry, and geomorphology of Mirror Lake are described by Likens (22) . The water used in this study had pH 6.5 and contained 2.3 mg of Ca per liter, 1.8 mg of Na per liter, 2.1 mg of Cl per liter, 5.3 mg of sulfate per liter, 0.02 mg of Al per liter, and =2.8 mg of dissolved organic carbon per liter. Detailed water chemistry is provided in ref. 23 . Daphnia were fed algae (Scenedesmus) daily and brewers' yeast on alternate days. They were not fed for 12 hr prior to the start of the experiment nor were they fed during the experiment. Cultures were maintained at room temperature (18-20'C) with a 14-hr light:10-hr dark photoperiod. Only mature daphnids between 2 and 3 mm in length were used in this study.
Mirror Lake water was filtered through a 70-gm pore sieve to remove large zooplankton. The filtered water was stored at room temperature for 2 weeks, at which time it was aerated and sieved once more. Aluminum was added as Analar grade AlC13. Two All3 and an increase in the AlF2' and AlSO' species. Thus, the daphnids were exposed to different forms of Al at the various pH values.
Experiment 1: Survival and Na Content of D. magna. The first experiment was designed to determine the effect of total Al on survival and on the Na content of D. magna. Experiments were conducted in 50-ml plastic vials containing 30 ml of Mirror Lake water and 10 daphnids. Daphnia were harvested after 3, 6, 24 , and 48 hr for Na analysis by using instrumental neutron activation analysis [see Havas and Hutchinson (6) for details]. The [3] The net change (N) in Na then can be calculated based on the difference between influx and outflux. N = Ml -Mo. [4] Statiscal Analyses. A two-way analysis ofvariance and the Student-Newman Keuls tests were used to determine significant differences between treatments for influx and outflux (24) . Morbidity curves were compared by using the twosample, two-tailed Kolmogorov-Smirnov test (25) .
RESULTS
The results show that total Al (1.02 mg/liter) increased morbidity of D. magna at pH 6.5, had no significant (P > 0.05) effect in addition to those of H' at pH 5.0, and decreased morbidity at pH 4.5 (Fig. 1) . Total body Na concentrations decreased with time in all of the toxic treat- (Fig. 2) . Aluminum had a significant effect on Na concentrations at both pH 6.5 and pH 4.5 but not at pH 5.0. There was a significant correlation between Na content and morbidity (Fig. 3) . High morbidity was associated with lower Na concentrations in the daphnids exposed to high total Al concentrations at pH 6.5 and to low total Al concentrations at pH 4.5. 22Na influx and outflux were altered at low pH. Mean influx decreased from 88 nmol of Na per mg/hr at pH 6.5 to 63 at pH 5 .0 and to 24 at pH 4.5 (Fig. 4) . Mean outflux increased from 87 nmol of Na per mig/hr at pH 6.5 to 103 and 148 at pH 5.0 and pH 4.5, respectively (Fig. 4) . The 22Na influx/outflux calculations suggested a significant net loss of Na at and below pH 5.0 (Fig. 4, Table 2 ) and agreed with the analytical results (Fig. 2) . Fig. 4 ). At pH 6.5, there was a 25% increase in 22Na outflux (from 87 to 108 nmol of Na per mg/hr), although, due to the high variability among replicates, this was not statistically significant (P > 0.05). No significant effect of Al on 22Na outflux was observed at pH 5.0. At pH 4.5, Al significantly (P c 0.01) reduced outflux by 31% (from 148 to 102 nmol of Na per mg/hr) (Fig. 4, Table 1 ). Net loss of Na, attributable to Al, was observed at pH 6.5 and to a lesser degree at pH 5.0, although chemical analysis ofthe total Na content was not sensitive enough to distinguish between Na loss attributable to Al and that attributable to H+ at pH 5.0 (Fig. 2) . At pH 4.5, Al temporarily reduced the net loss of Na ( Table 2 , Fig. 4 ).
DISCUSSION
Earlier studies assumed that the elimination of fauna from acidifying lakes and rivers was due to elevated concentrations of hydrogen ions (H+) per se. More recent studies have shown that high concentrations of Al in these acidic waters can also be toxic to fish (18, 19, 26) and invertebrates (16, 23) . Mortality, both at low pH and at high concentrations of total Al, has been attributed variously to respiratory stress (19, 26) and problems with salt regulation (19, 30) .
In the present study both Al and H+ were toxic to D. magna and both affected Na regulation. At pH 6.5 and at ambient concentrations of total Al (0.02 mg/liter) there was no difference between 22Na influx and outflux and thus no net change in the total body Na content ofthe daphnids (Table 2) . D. magna can be cultured at pH 6.5 with no ill effects. High concentrations of total Al (1.02 mg/liter), however, can be extremely toxic at this pH. Maximum toxicity attributable to Al was observed at pH 6.5 in this study (Fig. 2) . Aluminum significantly reduced 22Na influx (by 46%) and had a slight stimulatory effect on 22Na outflux, which resulted in the net loss of Na from the daphnids (Table 2 ). Chemical analysis of D. magna gave similar results (Fig. 2) , although the rate of net Na loss was much slower than that predicted by the 22Na flux experiments. It Daphnids were exposed to pH 6.5 for 48 hr (Upper) and to pH 4.5 for 3 hr (Lower).
Ecology: Havas overestimate the effects of a stress since they do not integrate any compensatory response that may develop.
Maximum Al toxicity has been found at pH 6.5 for Daphnia catawba (23) but generally occurs at slightly lower pH values (5.2-5.4) for fish (18, 27 In fish, the gills also "filter" the water and appear to be extremely sensitive to particulate Al. Grahn (26) attributed the death of cisco (Coregonus albula) in two moderately acidic lakes in Sweden to elevated Al concentrations in the water. High concentrations of Al were found in (or on) the gills of dead fish and it was believed that the fish died as a result of suffocation.
At pH 5.0, neither Al nor H+ altered 22Na outflux ( Table  2 ). The influx of 22Na, however, was significantly reduced by H+ and further reduced by Al, which led to a net loss of Na at pH 5.0 (Table 2 ). This apparent increase in net Na loss at high Al concentrations was not observed when the daphnids were chemically analyzed for total body Na content (Fig. 2) nor was there a difference in morbidity with and without Al (Fig. 1) . Once again, some compensatory mechanism may be involved.
The decrease in 22Na influx attributed to Al at both pH 6.5 and pH 5.0 may be due to the inhibition of the enzyme responsible for the active uptake of Na from the water. Studies have shown that Al inhibits Mg2+-activated ATPase and blocks calmodulin-dependent Ca2+, Mg2+-ATPase (28 Proc. Natl. Acad. Sci. USA 82 (1985) 7349 possible that binding of Al to phosphate groups inhibits Na',K+-activated ATPase in aquatic animals and thus interferes with the active uptake of Na. A better understanding of the effects of Al on ATPase activity is needed along with more information on the species of Al present in the microenvironment surrounding biological membranes. At pH 4.5, the net loss of 22Na from daphnids was ='30% per hour (Table 2 ). This net loss was due to a significant decrease in the rate of uptake (by 73%) and a similar increase in the rate of loss (by 71%) ( Table 2 ). Aluminum reduced the net loss ofNa by suppressing 22Na outflux. Chemical analysis of the daphnids (Fig. 2) agreed with the results in Table 2 . The daphnids were able to survive a few hours longer in the treatments to which Al was added (Fig. 1) . However, since 22Na influx was virtually inhibited at this pH, the beneficial effects of Al were temporary.
In a natural system, Al-H' antagonism at very low pH is unlikely to have a lasting beneficial effect on this or related species. At these lower pH values Al exists as a monovalent, divalent, or trivalent cation. Schofield and Trojnar (15) suggested that Al (possibly the divalent form) acts like Ca at low pH, reduces membrane permeability, and thus protects the organism. This mechanism is plausible, although the present study does not differentiate between the effects of Al on membrane permeability or on renal activity, both of which may contribute to the net loss of Na.
This amelioration of H' toxicity by Al at very low pH values appears to be quite common among aquatic animals. It has been reported for rainbow trout, brown trout, white sucker, and brook trout (18, 20, 29) and appears to be related to salt regulation (19) . The mechanism of Al toxicity and Al amelioration, therefore, may be similar in fish and in the water flea D. magna. The results reported here, of the effects of metals and H' on osmotic relations, should be explored in other aquatic animals in acid-stress lakes.
